Insulin receptors are present on fetal and newborn tissues in significantly greater numbers than on adult tissues. Recent studies have suggested that membrane fluidity, which is dependent upon lipid constituents, is important in regulating the appearance and behavior of insulin receptors. We have compared the lipid composition and fluidity as well as insulin receptor binding to monocytes from normal adults and full term normal infants.
Summary
Insulin receptors are present on fetal and newborn tissues in significantly greater numbers than on adult tissues. Recent studies have suggested that membrane fluidity, which is dependent upon lipid constituents, is important in regulating the appearance and behavior of insulin receptors. We have compared the lipid composition and fluidity as well as insulin receptor binding to monocytes from normal adults and full term normal infants.
Newborn infants had significantly higher insulin levels than did fasting adults (17.4 ± 2.4 versus 9.8 ± 0.6 ILU/ml; P < 0.001);
despite this, cord blood monocytes showed significantly higher 125I-insulin tracer binding than did those of adults (9.5 ± 0.51 versus 7.6 ±0.45%/10 7 cells; P < 0.02). From Scatchard analysis, it was evident that cord monocytes had greater numbers of both high (2.94 versus 1.25 X 10-10 M-I ) and low affinity (13.1 versus 8 .57 x 10-10 M-I ) receptors than adult monocytes. Cord mononuclear cells had significantly lower phospholipid concentrations than adult cells (0.085 ± 0.012 versus 129 ± 0.012 mgfmg of protein; P < 0.025) and significant elevations of cholesterol/phospholipid ratios (0.520 ± 0.045 versus 0.354 ± 0.009; P < 0.005). Microviscosity determinations were performed using the fluorescent probe 1,6-diphenyl-l,3,5-hexatriene. Cord cells had significantly greater microviscosity values (fluorescence polarization) (0.339 ± 0.030 versus 0.186 ± 0.019; P < 0.005), compared to adult cells. For all subjects, a highly significant correlation was noted between cell microviscosity measurements (fluorescence polarization) and 125I-insulin tracer binding to mononuclear cells (r =0.72, n =15, P < 0.005).
The data support the concept that as membrane fluidity decreases ii.e. viscosity increases) intrinsic proteins including receptors are displaced outward, increasing their exposure to the aqueous environment.
Abbreviations DPH,I,6-diphenyl-l,3,5-hexatriene FP, fluorescence polarization aE act , flow activation energy (kcaljmol) PBS, phosphate-buffered saline
Insulin receptors are present on fetal and newborn tissues in significantly greater numbers than on adult tissues (17, 19, 49) . We have previously shown that hepatic insulin receptors increase in the fetal rat during the last part of gestation, in a manner which parallels the increasing insulin content in the fetal pancreas (33, 34) . Furthermore, in the presence of mat~rnal diabe~es a~d fetal hyperinsulinemia, paradoxical up-regulation of the insulin receptor has been documented for both monocytes and lung membranes (30) (31) (32) . Only after birth do insulin receptors decrease in number on erythrocytes and hepatic membranes to levels comparable to those in adults (11, 17, 39, 41, 48, 51) .
The factors which regulate the appearance of the insulin receptor in the fetus and newborn are not well understood. One characteristic of fetal development is the accumulation of membrane phospholipid, a process which continues after birth (12, 27) . We and others have suggested that membrane lipid composition and particularly membrane fluidity, which is dependent upon lipid constituents, is important in regulating the appearance and behavior of insulin receptors (2, 14, 29) . This becomes evident if one considers the membrane to be a mosaic structure composed of zones of irregularly distributed lipid which form the environment for membrane proteins (47) .
We have compared the membrane lipid composition and fluidity as well as insulin receptor binding to mononuclear cells obtained from adult and cord blood. Our findings suggest that the appearance of increased insulin receptors on cord blood mononuclear cells is due to reduced membrane fluidity which results from diminished membrane phospholipid. The structure of the plasma membrane on these cells may also prevent !nsulir eceptor translocation by limiting moye~e~t~f c0!lst~tuell:ts within the membrane. This may result III limitations III insulin action which have been reported to occur in fetal cells (49, 51 . , . Ten healthy adult subjects (four males, SIX females) ranging III age from 26-42 years were also studied followin~overnight fast. All subjects were within 120% of ideal body weight (26) :j: P < 0.00 I adult YS. cord blood . § P < 0.02 adult YS. cord blood .
RESULTS
Comparison of plasma glucose levels from fasting adults and full term infants at birth showed no significant difference (Table  I) . Newborn infants did have significantly higher insulin levels than did fasting adults. Despite this elevation in plasma insulin, cord blood monocytes showed significantly higher 125I-insulin tracer binding than did adult monocytes.
Competition studies of insulin binding to monocytes from adult and cord blood are shown in Figure I . Insulin binding to cord monocytes was significantly higher at all concentrations of insulin. Scatchard analyses of these data are shown in Figure 2 . Cord monocytes have greater insulin-binding capacities than do adult monocytes, as determined by the intersections ofthe curves with the x axis.
The two-site receptor model was employed to interpret the findings from Scatchard analysis (42) . Results of these calculations are presented in Table 2 . Cord monocytes have 2 112 times more high affinity, low capacity receptor sites than do adult Table l . Glucose and insulin measurements from adult and cordbloodsamples* transferred to a fluorescence cuvette, for determination of the FP value at 25°C using the MV-la microviscosimeter. Although this method has been used by many investigators to study fluid properties of mononuclear leucocytes (3, 31, 32, 37) , we attempted to validate that this method did reflect the fluid state of the monocyte membrane by performing two additional experiments. Using two preparations, further purification of the mononuclear cell fraction was performed using Percoll gradients (15) . Th is method permitted separation of three fractions of cells: Band I containing cells more than 90% of which stained for esterase and were thus considered monocytes; Band II, containing 65% esterase-positive cells; and Band III, containing 18% esterase-positive cells, considered predominantly lymphocytes. For these preparations, mean microviscosity measurements were: Band I, 0.310 ± 0.002; Band II, 0.30 I ± 0.009; and Band II, 0.286 ± 0.013, and for the whole mononuclear cell preparation was 0.299 ± 0.0 II ; the differences between measurements of Bands I and III as well as the whole cell preparation were not significant.
Furthermore, we prepared plasma membranes from the mononuclear cell fractions of cord blood (37) . Membrane fractions obtained in this manner showed a 20-fold enrichment in 5'-nucleotidase content as compared to cell homogenates (34); fluorescence polarization measurements of plasma membranes showed a mean value of 0.314 ± 0.024, which was not different from the mean value of 0.325 ± 0.0 II for whole cells, by the null hypothesis (P = 0.103). Additionally, a significant linear relationship between FP values for whole cells compared to plasma membranes was obtained when five preparations were examined simultaneously (r = 0.917, P < 0.02). Thus, we believe that the data obtained with this technique provided an accurate assessment of the physical state of the monocyte membrane. Despite reservations on the part of some investigators, we believe that this technique is useful in clinical studies such as the one reported here. Hypaque gradients as previously described (32) . This cell fraction was used for both insulin binding and cell lipid studies. Plasma was saved and stored at -40°C for subsequent glucose and insulin determinations.
Insulin-binding Studies. 125I-Insulin was prepared by the lactoperoxidase method (28) . Specific activities of these preparations ranged from 80-280 nCi//lg. The methods for insulin-binding studies employed in this laboratory have been described previously (30) (31) (32) .
Data Reduction. Insulin-binding data were subjected to Scatchard analysis (42) . For further interpretation, the two-site receptor model was chosen and determination of affinity constants and binding capacities was derived by the method of Blanchard et al. (4) . Statistical analyses were performed using Student's t test for independent variables or linear regression analysis using the method of least squares; significance was accepted at levels of 5% or less.
Lipid Extraction and Analyses. Intact mononuclear cells, isolated previously as described above, were washed in Tris buffer (pH 7.4) and lipids were extracted by the method of Folch et al. (9) . It has been previously demonstrated that very little difference existed between monocyte and lymphocyte lipids for individual subjects (5) . Furthermore, since the bulk of the lipid in such cells is predominantly associated with the plasma membrane, no further subcellular purification step was deemed necessary (16, 37, 40) . Cholesterol content was determined colorimetrically (10) . Phospholipids were separated and species were isolated by thin layer chromatography. Quantitation of phospholipid species was performed as described previously (32) .
Fluorescence Polarization Studies. Membrane microviscosity
has been shown to correlate with the freedom of rotation within the membrane of the fluorescent dye molecule DPH (6). Resistance to rotation is provided by the surrounding lipid matrix and can be assessed by the relative fluorescent intensities of polarized light emerging parallel and perpendicular from the sample, following excitation by a vertically polarized light (44) . As has been demonstrated by other investigators, DPH equilibrates almost exclusively within the plasma membrane of mononuclear leukocytes, and thus its behavior reflects the overall fluid characteristics of this membrane (45) . Measurements were obtained using an Elscint MV-Ia microviscosimeter (Hackensack, NJ). where I. and h are the fluorescent intensities emerging parallel and perpendicular to the original light source (44) .
For this system, the fluorescence anistropy (r) is defined as:
The relationship between fluorescence polarization and the apparent microviscosity (n) is defined by the Perrin equation:
The coefficient of viscosity (n) is in units of force (dyne-em") X sec. For most systems, viscosity has been shown to decrease with temperature in an exponential fashion:
A plot of log T/ versus I/T provides an estimate of 6E ach the flow activation energy, which is the kinetic energy required to overcome the intermolecular forces that oppose flow. Value of 6Eac1reflect the order of the system: a system with a value of 6Eac1 equal to 10 kcal/mol is considered to be more highly ordered than one with value of 2 kcal/mol (45) .
For these studies, mononuclear cells were suspended in PBS, pH 7.4, at a concentration of 2 x 10 6 cells/ml, One ml of cell suspension was mixed with I ml of 10-3 M DPH in PBS and incubated for I h at 25°C. Cells were washed twice in PBS and resuspended in a final volume of I ml. The cell suspension was 
DISCUSSION
Cord cells have significantly greater numbers of detectable insulin receptors than adult monocytes, despite elevation in plasma insulin levels; our results show a direct relationship between 125I-insulin tracer binding and membrane microviscosity, and suggest that the physical state of the membrane is a Since we have established that FP measurements obtained in this manner reflect the physical state of the plasma membrane and since fluidity is determined to be the reciprocal of the coefficient of viscosity, these data show that cord cells have reduced membrane fluidity . As shown in Figure 3 , a highly significant direct linear relationship was observed between 125I-insulin tracer binding to mononuclear cell fractions and the respective FP values for our subjects (r = 0.72, P < 0.005) .
Studies of microviscosity as a function of temperature was performed for four preparations each of cord and adult monocytes, and the data are presented in Figure 4 . At all temperatures, cord monocytes have higher values of n; determination of slopes of these lines gives the values~EaCh the flow activation energy. Cord monocytes have nearly 2-fold greater values of~E ac , . * Subscript I = high affinity, low capacity site. Subscript 2 = low affinity, high capacity site.
monocytes. The affinity constants (Ko) for these receptors are somewhat lower, but of the same order of magnitude as found on adult cells. In addition, cord monocytes have 50% more low affinity, high capacity receptors than do adult monocytes; the affinity constants for this class of receptors are comparable for both cell types. Table 3 gives the results from cell lipid analysis for adult and cord mononuclear cell fractions. The latter had significantly lower ratios of phospholipid/protein and significant elevations of cholesterol/phopholipid molar ratios. No significant differences were noted in the ratios of individual phospholipid species.
Microviscosity of mononuclear cell preparations, was determined by the fluorescence polarization technique, using the microviscosimeter, and is noted in Table 3 . Cord cells had significantly higher values of FP than did those from adults. Fig. 4 . Variation of microviscosity with temperature for cord and adult monocytes. The solidlinesrepresent the values for fourcordblood (e) and 4 adult (.&) monocyte preparations. The slopes of these lines derived from the equation 1/ = AI?"E/RT yield the value for t:1E aet , the flow activation energy. For adult cells, the mean value was 3.34 ± 0.36 kcal/mol; forcordcells, the meanvalue of 6.35 ± 1.26 kcalwasobtained, which was significantly greater (P < 0.05) than that for adult cell preparations.
major determinant of the differences in receptor behavior noted here. Interpretation of these data rests on two assumptions: 1) that the probe DPH localizes within the plasma membrane of these cells such that the fluorescence changes are determined primarily by differences in the physical properties of the plasma lipid (44, 45) ; and 2) that the changes in cellular lipid are a reflection of changes in plasma membrane lipid, which comprises, 60% or more of total cell lipid (45) . Both of these assumptions were found to be valid in our preliminary experiments.
While regulation of receptor concentration is incompletely understood, it would appear that the receptor behaves according to the physical constraints provided by its immediate environment. Several investigators have suggested that membrane fluidity is an important determinant of the behavior of peptidehormone receptors (14, 20, 29) . The membrane model most frequently considered is that of a lipid-protein mosaic structure, in which zones of highly fluid surround the more sparsely distributed membrane proteins (47) . Alterations in the fluid behavior of the surrounding lipid zone would be expected to result in disturbances in the behavior of the interspersed proteins.
The most commonly employed means of altering lipid fluidity is by changing the temperature; lipids become more fluid at higher temperatures and less fluid in the cold. Amatruda and Finch were the first to attribute changes in receptor behavior which accompanied changes in temperature to variations in membrane fluidity, although similar observations had been made by other investigators (2, 13, 51) . These authors showed that increasing temperature from 25 to 37°C was associated with a dramatic change in membrane fluidity, resulting in an apparent 2-fold reduction in insulin receptors . This led to a higher ED so for insulin to stimulate glucose transport (2) .
Increasing membrane fluidity results from increasing the freedom of molecular motion and has been observed in several situations where lipid composition has been altered: 1)decreasing the cholesterol content relative to the amount of phospholipid; 2) increasing the phospholipid content relative to the amount of protein; 3) increasing the phosphotidylcholine content relative to sphingomyelin; 4) increasing the phosphatidylethanolamine content relative to phosphatidylcholine; 5) increasing the degree of unsaturation of fatty acids; and 6) decreasing the fatty acid chain length (22) . From our data, it appears that the reduction in membrane fluidity of cord cells is due primarily to diminished phospholipid/protein ratios, which are also associated with increased cholesterol/phospholipid molar ratios relative to those of adult cells. The measurements of both insulin binding and cell microviscosity were performed on the whole mononuclear cell fraction. Although the data for insuiin binding were expressed as a function of the monocyte concentration, which as been shown to be the major cell population that binds insulin (43) , such correlations were not performed for the fluidity and lipid data. Based on present observations, as we assume that such differences observed in the entire cell are representative of changes in this subset of cells.
During fetal development, the total phospholipid concentration in membranes increases, a process which continues during the postnatal period (12, 27) . The accumulation of phospholipids in the cell membrane after birth would be predicted to increase membrane fluidity. Reduced fluidity in fetal microsomal membranes has been reported; increases in membrane fluidity were observed to occur after birth (23, 25) . Since increasing fluidity is related to a reduction of insulin binding, this would explain the results of Hendricks et al. (17) and Sinha et al. (48) who reported the "disappearance" of insulin receptors on erythrocytes during the postnatal period.
We have recently completed studies on fetal lung membranes from normal and diabetic pregnancies which show an inverse relationship between membrane phospholipid content and increasing receptor exposure with progressive fetal hyperinsulinemia. Data from our laboratory suggest that insulin at high concentrations inhibits some aspects of phospholipid metabolism in fetal lung (35) . These findings would explain the up-regulation of insulin receptors that we have previously reported (19) in hyperinsulinemic offspring of diabetic mothers.
A model of membrane structure and receptor configuration has been developed based on these data. As shown in the schematic diagram (Fig. 5) , cord cell membranes have only small lipid zones, which results both in high microviscosity and outward displacement of receptors. In adults, accumulation of membrane lipid decreases the micro viscosity and permits increased lateral mobility of receptor prote ins, causing them to "disappear" within the membrane matrix.
Further comes from studies by Shinitzky et al. (44) (45) (46) in which fluorescent tagging of membrane proteins on cells was performed. Changes in membrane fluidity were produced by cholesterol enrichment of depletion of cell membranes , after which measurements for detectable fluorescence were made. Cholesterol depletion which resulted in increased membrane fluidity was accompanied by decreased visible fluorescence, indicating reduction of surface proteins. Conversely, cholesterol enrichment of membranes resulted in decreased membrane fluidity and was associated with greater detectable fluorescence, suggesting outward displacement of membrane proteins. These data suggested that vertical displacement of membrane proteins was dependent in the fluid state of the membrane (39, 40) .
Recently, Sinha et al. (49) have reported reduced responsiveness to insulin in fetal tissues, despite the presence of increased numbers of insulin receptors in comparison to adult cells. Originally, it was suggested that postbinding hormone-mediated action required translocation of the hormone-receptor complex to an intracellular site. From our data , it would appear that more than twice the energy for particle (e.g. receptor) translocation within the membrane would be required in fetal cells as compared to adult cells; if such energy requirements limit receptorhormone translocation , this would explain the reduction of insulin action in fetal tissues. The differences in membrane physical state in fetal and adult cells appear to result from the relatively lower content of phospholipid observed in fetal preparations. It has been shown that postreceptor phenomena induced by hormones may be mediated by membrane phospholipids specifically. (8, 24, 36) . More recently Yuli et al. (52) have demonstrated that alteration of the physical properties of the membrane lipid core by alcohol treatment was associated with changes in binding affinities of chemoattractant membrane receptors. Such treatment had differential effects on postreceptor biological activities. The data suggested that postreceptor effects vary with the affinity of the receptor and can be regulated by the physical state of the membrane.
In this study, we showed a strong correlation between membrane physical state and binding properties of the insulin receptor. It may well be that the diminished responsiveness to insulin exhibited by fetal tissues also directly results from these differences in membrane physical state.
